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An on-line automatic mapping system was developedfor
heat by beat display of epicardial activation during ven-
tricular tachycardia induced at the time of cardiac sur-
gery, A sock array of 110 button electrodes was used to
record and display local activation on a video monitor
at 8.3 ms intervals. On instant replay in slow motion,
epicardial pacing sites were accurately localized to the
nearest electrode. Local unipolar electrograms were also
recorded, first from the sock array, then from an array
of 16 transmural needle electrodes. The epicardial dis-
play was verified by retrospectivemanually derived maps
using the recorded epicardial electrograms.
In four patients with coronary artery disease and
recurrent inducible ventricular tachycardia, earliest epi-
cardial activation was located on slow motion replay
In the past, surgery for the treatment of ventricular tachy-
cardia has included resection of ventricular aneurysm with
or 'Without aortocoronary bypass grafting (1-4), With these
undirected surgical procedures, success in controlling the
arrhythmia has been poor (5,6). In recent years with the
advent of ventricular mapping techniques. the results of
surgery have improved as surgeons have taken a more direct
approach. Now with identification of the site of earliest
myocardial activation during ventricular tachycardia. tech-
niques have been developed that excise (5,7) or electrically
isolate (8,9) this area from surrounding myocardium.
The technique used for intraoperative mapping of ven-
tricular tachycardias has not substantially changed from that
originally used for determining ventricular activation in
the Wolff-Parkinson-White syndrome (10.11). A hand-held
probe is generally used to record local unipolar or bipolar
electro grams sequentially at 50 to 70 epicardial sites, Local
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within 1 minute. Subendocardial sites of early activation
were located within 10minutes by replay of electrograms
from the needle array before ventriculotomy. Trans-
mural and endocardial resection of these sites prevented
inducibility of the tachycardia on postoperative electro-
physiologic study in three of the four patients. There has
been no clinical recurrence of ventricular tachycardia
after 3 to 14 months of follow-up despite cessation of
antiarrhythmic therapy in three of the patients.
This technique has unique advantages over existing
mapping methods. It provides beat by beat display of
activation sequences so that clinical tachycardias that
are short in duration or pleomorphic in configuration
now becomeamenable to mapping. In addition, it mark-
edly shortens total time on cardiopulmonary bypass.
activation times are measured relative to a fixed reference
electrogram and the data are then collated to produce an
activation map. In experienced hands, recordings take 5 to
15 minutes to collect and an additional 20 to 30 minutes
are required to derive the map (12), thus increasing the
duration of normothermic cardiopulmonary bypass by at
least 30 to 60 minutes (13). In addition, this traditional
technique has other limitations. Most important among these
is that it requires the tachycardia to be sustained long enough
for the data to be collected. Ventricular tachycardias of short
duration or of a polymorphic and unstable nature cannot be
mapped.
Recent advances in electronics have allowed the devel-
opment of new techniques that can simultaneously record a
large number of electrograms (14-17). At present these
techniques have been largely confined to experimental stud-
ies, although one report (18) describes a computerized map-
ping method used successfully in the clinical intraoperative
setting. We have reported an on-line analog approach to
mapping experimental arrhythmias (19). Since then, the
method has been modified to meet the requirements of clin-
ical intraoperative mapping, This report describes the initial
experience with this approach in four patients in whom the
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mean time to visualize an accurate intraoperative epicardial
map was 1 minute from the time of initiation of a tachycardia.
Methods
The recording system comprises two units working in
parallel. One provides a recording of all the analog signals
in the form of unipolar local electrograms that are stored
on a video recorder (20). The second provides an on-line
analysis and video display of activation, which is stored on
the second video recorder to provide instant replay of the
temporal sequence of excitation (19). Both systems are linked
by a common time code.
Analog recording system. One hundred ten unipolar
local electrograms are time-division multiplexed to generate
a single video signal that can be recorded on a video cassette
tape recorder. Each local electrogram is sampled at a rate
of 960/s and provides a single bandwidth of 170 Hz (3 dB).
A demultiplexer unit reconstructs each signal with sample
and hold amplifiers. Active filters provide intersample
smoothing and ensure accurate signal reconstruction free
from aliasing and errors of commission.
The stored signals were replayed on a Mingograph ink
writer to provide an off-line record of the electrograms and
Figure 1. Derivation of epicardial activation display. Panel A
shows the heart depicted in a polar projection with the apex at the
center and the base at the circumference. The left anterior de-
scending artery (LAD) runs in a 12 o'clock position. Panel B
shows the distribution of the 110 button electrodes over the epi-
cardial surface of the heart. The index row of electrodes AI to AID
was always positioned just to the left of the left anterior descending
artery. Panel C shows the television monitor display that would
be seen if all the electrodes simultaneously detected local activation.
the time code. These off-line records were used to provide
manually generated epicardial activation maps for retro-
spective comparison with the on-line video display of epi-
cardial activation used at the time of surgery. Local acti-
vation was defined by the dominant negative deflection at
the isoelectric line, and activation times were measured from
a common time reference provided by the time code. At a
paper speed of 250 mrn/s, the measurements were accurate
to ± I mm, thus providing an accuracy of activation times
of ± 4 ms.
On-line activation display. The demultiplexer unit also
provided reconstructed but unfiltered local electrograms to
an on-line activation analyzer. This unit utilizes local elec-
trograms to provide intensity signals at the time of local
activation. This is accomplished by differentiation of the
local electrograms and holding the values for peak negative
dV/dt as intensity signals that brighten synchronously with
local activation. A video signal generator then assembles
all the intensity signals into one single-video format signal
that is displayed on a raster scan monitor. The resulting
image representing the array of epicardial electrodes consists
of a matrix of dots that brighten at the time of local acti-
vation. The threshold for display of activation was adjust-
able from - 1 to - 5 Vis. This display system provided 120
video fields/s, which allows a temporal resolution of the
activation sequence of 8.3 ms. The activation video image
was recorded on a second video recorder that had the facility
of instant replay during surgery, allowing the epicardial
activation sequence to be analyzed in slow motion on a
frame by frame basis. Each frame also displayed the com-
mon time code in binary form so that it could be temporally
related to the analog recordings.
Recording electrodes. To record global epicardial ac-
tivation, a sock array of button electrodes (12) was used.
One hundred ten unipolar button electrodes were positioned
in a standardized pattern within the mesh of a nylon sock
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Table l. Summary of Findings in the Four Patients With Intraoperative Mapping*
Age EF LVEDP Mode of
Case (yr) Diagnosis (%) (mmHg) Medication; Spontaneous Arrhythmia Induced Arrhythrruar Termination
53 CAD, LV aneurysm 20 to 39 26 to 31 Quinidine. Monoform VT at I95/min S2S" identical Burst pacing
nifedipine configuration
2 54 CAD, LV aneurysm 21 18 Quinidine, Monoform VT at 190/min. S2S" two DC shock
procainarmde. VFlb configurations
arruodarone
3 55 CAD, LV aneurysm II Procamarrude, Nonsustamed, S2S,S4SS, one sustained DC shock
disopyrarrude, polyform VT configuration
quinidine.
verapamil,
amiodarone.
bretylium
4 44 CAD, LV aneurysm < 20 28 Procamarrude, Monoform VT at 225/min S2S3, three Programmed
quinidine. configurations stimuli, DC
mexiletine, shock
armodarone ,
encaimde
*All patients had angiographic appearance of antenor left ventricular aneurysm. tIndicates the number of premature stimuli (from S2to S4) required
to initiate the tachycardia. CAD = coronary artery disease; DC = direct current; EF = ejection fraction; LV = left ventricular; LVEDP '= left ventricular
end-diastolic pressure: V Fib = ventncular fibrillation; VT = ventncular tachycardia.
that was tailored to the dimensions of each individual pa-
tient's heart. The button electrodes consisted of a brass pin,
1.5 mm in diameter, set in a Teflon disc, 8 mm in diameter.
Multistranded stainless steel insulated wire connected the
button electrodes to the multiplexer unit.
The standard array of epicardial electrodes is shown in
Figure 1. The heart is shown in a polar projection with the
Figure 2, Video display of epicardial activation during epicardial
pacing in a canine heart. A hand-held probe was used to pace the
heart from a site adjacent to electrode Pz on the right ventricular
outflow tract. A numbered sequence of video images (fields) is
shown, each representing 8.3 ms. Video fields I and 39 show the
earliest activation of two sequential paced beats A and B. In both
cases, the activation is correctly shown to start at electrode Pz (the
pacing site). See text for further explanation.
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Figure 3. Case I. Lower panel shows
a pacing-induced six beat salvo of ven-
tricular tachycardia recorded from five
neighboring epicardial electrodes in the
sock array. Earliest (arrowheads) and
latest activation during the salvo oc-
curred at electrodes E IO and Eq , re-
spectively, and were situated over the
left ventricular apex. Upper panel
shows the global epicardial activation
for beats 3 and 4 of the salvo of ven-
tricular tachycardia in the lower panel.
These maps were derived from off-line
manual measurements of all the local
electrograms and illustrate the spread
of activation in 30 ms isochrones. Ar-
rowheads indicate that earliest origin
of both beats was at electrode EIQ and
latest at Eq •
apex at the center and the base around the circumference.
The indexing row of electrodes AI to A10 is orientated
along the course of the left anterior descending coronary
artery. Rows L, M, N, a and P are situated over the right
ventricle. The automatic video display of epicardial exci-
tation shows "activated" electrodes in the same polar pro-
jection of the heart.
To determine transmural activation. up to 16 multipolar
needle electrodes were used. Each needle was made of 21
gauge steel and had 8 tungsten wire electrodes set at 3 mm
intervals (21). These needle electrodes were not positioned
in any fixed array, but rather distributed at 2 to 3 cm intervals
from each other as best indicated by the results of the pre-
ceding epicardial map. Consequently, only analog local
electrograms from the subepicardium to the subendocardium
were recorded, and there was no attempt at automatic display
of transmural activation.
All local electrograrns were recorded in the unipolar mode
with a reference electrode attached to the diaphragm. The
electrodes, the buffer amplifiers and the multiplexer unit
were electrically isolated from the remainder of the record-
ing equipment by a radio frequency transformer. The mul-
tiplexer was battery driven and transmitted the multiplexed
analog data as a video-modulated radiofrequency signal which
was transmitted by shielded cable and demodulated by a TV
tuner.
Patient selection. Patients with symptomatic coronary
artery disease and recurrent episodes of ventricular tachy-
1 Second
cardia were considered for intraoperative mapping. All pa-
tients underwent routine hemodynamic, angiographic and
intracardiac electrophysiologic investigations. The four pa-
tients chosen for surgery either had ventricular tachycardia
that was refractory to medical therapy or required revas-
cularization surgery for control of angina (Table I). In-
formed consent was obtained for the pre- and postoperative
investigations and for the intraoperative mapping and sur-
gical procedures.
Preoperative electrophysiologic studies were performed
using programmed electrical stimulation from the right ven-
tricular apex or outflow tract or the left ventricular apex.
Stimuli used were twice the late diastolic threshold strength
and 2 ms in duration. After a basic train of eight stimuli at
cycle lengths of 600, 500 or 400 ms, up to four programmed
premature stimuli were used to induce ventricular tachy-
cardia. In one patient, endocardial catheter mapping was
performed during tachycardia. Induced episodes of ventric-
ular tachycardia were terminated by burst pacing or over-
pacing with programmed premature stimuli.
Intraoperative procedure. With the patient on nor-
mothermic cardiopulmonary bypass but without cross-
clamping of the aorta, the sock electrode array was applied.
Contact between the electrodes and the epicardial surface
of the heart was maintained by adjusting the tension of a
suture within the mouth of the sock situated over the atrio-
ventricular ring. Electrical contact was further facilitated by
moistening the epicardial surface with saline solution. The
lACC V ,[ 4, No 4
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video monitor display was then optimized by adjusting a
common gain control to maximize the number of sites show-
ing activation without displaying artifactual effects caused
by excessive gain, Electrode sites over thick epicardial fat
layers and over myocardial scar failed to be displayed, Oc-
casionally movement artifact at one electrode site produced
spurious activation on the video display, This situation could
be readily recognized by inappropriate flickering of the site
in question; if stability could not be obtained by adjustment
of the sock, that electrode was subsequently ignored,
Ventricular stimulation was applied through a pacing
catheter positioned in the right ventricular apex. Pro-
grammed stimulation sequences similar to that which had
been successful in inducing ventricular tachycardia preop-
eratively were then applied. After 30 to 60 seconds of the
tachycardia was recorded on both the analog and automatic
display recorders, the arrhythmia was terminated and a slow
motion frame by frame review was made of the automatic
display, The sites of earliest epicardial activation or the
region encompassed by a recirculating wavefront of acti-
vation were then marked on the heart by sutures and the
sock was removed.
Sixteen transmural needles each with eight electrodes
were then distributed so as to broadly encompass the key
epicardial sites identified by the sock array. Their relative
positions to each other and major anatomic sites were re-
corded by sketch, After an interval of approximately 5 min-
Figure 4. Case I, On-line video display of the same beats 3 and
4 shown in Figure 3. These were instantly available on replay at
the time of surgery. Each panel represents an 8,3 ms time field,
and the numbers under each panel represent the number of that
field with respectto the firstone to showany activation.The video
display depicts the electrode array in the same polar projection
shown in Figure 1. The extreme left top and bottom panels show
that activation beganeach time at electrodeEIO • Subsequentspread
closelyparallelsthe sequences shown in Figure 3. Failureof some
right ventricular electrodes to show activationwas due to the pres-
ence of thick epicardial fat deposits in those locations.
utes, to allow injury currents to subside, the tachycardia
was reinduced and a short recording was made of the analog
epicardial, intramural and subendocardial electrograms. Re-
plays of these electrograms were analyzed and the region
of earliest activation (referenced to the common time code)
could be identified within 10 minutes of making the recording.
On the basis of this information, a ventriculotomy was
made close to the site of earliest activation. Our original
intention had been to confirm the site of earliest endocardial
activation with the use of an endocardial probe. However,
in all four patients, once the ventricular incision had been
made we were unable to reinduce the arrhythmia. After the
mapping procedure had been completed, cardioplegia was
instituted and aortocoronary bypass grafting with or without
aneurysm resection was carried out. In addition, in all four
patients an additional area of endocardium was excised,
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Figure 5. Case 1. Upper panel schematically shows
an anterior view of the heart with the location of 14
octapolar needle electrodes as seen at operation. As-
terisk indicates epicardial pacing site. Arrow indicates
location of epicardial electrode E10 at the site of earliest
epicardial activation during tachycardia. Lower panel
shows the transmural electrograms from needle 10 at
3 mm intervals from the subepicardium (Epic) (lowest
tracing) to the subendocardium (Endo) (top tracing).
Each beat of the tachycardia began at the subendocar-
dium (upper arrowhead).
200 me
which included the site of origin of the arrhythmia as de-
termined by mapping. At the end of the operation, before
weaning from bypass, programmed electrical stimulation
was repeated to assess the immediate electrophysiologic
status.
Before the patient's discharge from the hospital 2 weeks
later, a postoperative electrophysiologic study was per-
formed in the catheterization laboratory. At that time, the
same stimulation program that successfully induced tachy-
cardia before operation was assessed. When no arrhythmia
was induced, an additional premature stimulus was added.
After discharge, the patients were followed up with 48 hour
ambulatory electrocardiographic recordings at 1 week, 4
weeks, 3 months and every 4 months thereafter.
Experimental studies. Initially, the mapping was eval-
uated in the animal laboratory. In 12 separate in situ canine
hearts, epicardial pacing was performed using a hand-held
pacing probe. Different pacing sites were used in each heart
with the sock array in place. An observer was always able
to correctly detect the pacing site from the video display,
which showed activation originating from the nearest button
electrode in the sock. Figure 2 shows two sequentially paced
beats (A and B) from one such experiment. The heart was
paced from the right ventricular outflow tract adjacent to
electrode P2. Each panel of the figure shows one video field
representing 8.3 ms in time. The video fields are in num-
bered sequence, starting with field 1, which shows earliest
activation of beat A. Field 39 shows the earliest activation
of beat B. Although the first two fields of beat B (29 and
40) are identical to that of beat A, subsequent fields (41 and
42) show some differences. Such differences in detail be-
tween two identical cardiac cycles were due to aliasing and
were seen on both the automatic video display and the man-
ually generated retrospective maps.
Results
Case 1
This patient had recurrent sustained episodes of mono-
form ventricular tachycardia at a rate of 195 beats/min as-
sociated with presyncope, severe angina and left ventricular
failure. These spontaneous episodes required urgent elec-
trical cardioversion. At electrophysiologic study in the cath-
eterization laboratory, ventricular tachycardia of identical
configuration to that of the spontaneous episodes could be
readily induced with two programmed extrastimuli. These
were terminated readily with burst pacing.
Intraoperative epicardial mapping. At the time of sur-
gery during epicardial mapping within a self-imposed 10
minute time period allotted for induction of tachycardia, it
was only possible to induce two 6 beat salvos of ventricular
tachycardia (Fig. 3, lower panel). After a sinus beat, the
fortuitous timing of a basic stimulus induced six beats of
ventricular tachycardia that terminated spontaneously and
was followed by a paced and a sinus beat in that order. The
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video display of epicardial activation showed that the earliest
epicardial activation of each beat of both salvos of ven-
tricular tachycardia was at electrode EIO. This was ascer-
tained by slow motion replay at the time of operation within
1 minute of the induction of the salvos. Figure 4 shows
selected still frames from that video display for beats 3 and
4 of the salvos shown in Figure 3. Retrospective manually
generated maps, derived from analysis of the analog epi-
cardial electrograms, confirmed electrode ElO as the site of
earliest activation. These maps for the same beats 3 and 4
of the salvo are shown in 30 ms isochrones in the upper
panel of Figure 3.
Intraoperative transmural mapping, An epicardial su-
ture was used to mark the site of electrode ElO, and the
sock electrodes array was replaced by 14 transmural mul-
tipolar plunge electrodes that were distributed over the an-
terior aspect of the left ventricle (Fig. 5, upper panel). After
an interval of 5 minutes, to allow injury currents to subside,
programmed extrastimuli were again applied by a hand-held
probe at the location marked by an asterisk shown in Figure
5. This time a sustained tachycardia was induced of an
identical configuration to that of the spontaneous episodes.
Replay and visual analysis of the transmural electrograms
immediately after the induction of tachycardia revealed within
10 minutes that the earliest site of activation was at the
suhendocardial site of needle 10, which was adjacent to the
site of earliest epicardial activation during the previous sal-
vos of tachycardia. The transmural electrodes recorded dur-
ing the sustained tachycardia from needle 10 are shown in
Figure 6. Case 2. Video display of epicardial activation of two
sequential beats of ventricular tachycardia. Each beat began si-
multaneously at two sites (As and L2) at the anterior and inferior
borders of an extensive apical aneurysm (panels 1 and 36). There
were no viable myocardial fibers in the aneurysm. Consequently,
electrodes over the apical region fail to display any local activation.
the lower panel of Figure 5. Unfortunately. it was not pos-
sible to collate the epicardial and transmural data because
of the differing natures of the tachycardias. Therefore, we
were unable to say whether the tachycardia was due to a
small transmural circuit of reentry or had a monofocal origin
in the vicinity of needle 10 and epicardial electrode EIO.
The delay of epicardial activation of 88 ms between elec-
trodes EIO and E9 (only I em apart) suggests reentry as a
possible mechanism. A ventriculotomy of 3 em was made
in this location to perform endocardial mapping, but the
latter procedure was thwarted by inability to induce any
tachycardia after the incision was made.
Surgical procedure and clinical results. Gross inspec-
tion at the time of surgery revealed that in the dyskinetic
area of the left ventricle, there was viable muscle inter-
spersed with scar. Within the large area of dyskinesia, a
full thickness resection, 2 x 3 em, encompassing the site
of earliest activation, was performed followed by slightly
wider endocardial resection 2 to 3 mm thick. The patient
also received three aortocoronary vein bypass grafts. At the
end of the surgical procedure and 2 weeks before hospital
discharge, it was no longer possible to induce ventricular
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Figure 7. Case 2. Upper panels show retrospective manually
derived epicardial activation maps of two sequential beats of the
tachycardia seen in the lower panel. Activation is shown in 12
ms isochrones and begins simultaneously at sites A5 and~ (as-
terisks), confirming the accuracy of the on-line display.
tachycardia by programmed pacing. The patient was dis-
charged without antiarrhythmic therapy and during 14 months
of follow-up study has had no recurrences symptomatically
or on repeated Holter recordings.
Case 2
This patient had two spontaneous episodes of monoform
ventricular tachycardia at a rate of 190 beats/min. Both
episodes were associated with syncope and one degenerated
into ventricular fibrillation during hospitalization. At elec-
trophysiologic study, two programmed extrastimuli readily
induced sustained ventricular tachycardia of identical con-
figuration to that of the spontaneous episodes. Each episode
could be terminated only by electrical cardioversion.
Intraoperative mapping. At operation, a large anterior
left ventricular aneurysm was visualized . Epicardial map-
ping with the sock array revealed two sites of simultaneous
epicardial breakthrough diametrically opposed at anterior
and inferior borders of the aneurysm (Fig. 6). Epicardial
sites on the scar tissue of the aneurysm understandably were
not visualized on the video display of activation. Retro-
spective epicardial maps from the analog recordings of local
electrograms confirmed the twin sites of earliest activation
seen in the video display (Fig . 7). Transmural needle re-
cordings examined at the time of operation confirmed these
two locations and failed to reveal any greater detail of the
activation sequence. Again, endocardial mapping could not
be performed after the aneurysm was opened because of
failure to induce tachycardia.
Surgical procedure and results. Aneurysmectomy was
performed with resection of scarred endocardium along the
margins of the aneury sm. This resection was more extensive
in the areas identified by mapping. The patient also received
triple vein bypass grafts . Repeat programmed stimulation
both at the end of operation and 2 weeks before hospital
discharge failed to induce ventricular tachycardia. The pa-
tient was discharged without antiarrhythmic drug therapy
and has had no recurrences of the arrhythmia in a follow-
up period of 8 months.
Case 3
This patient had frequent symptomatic runs of self-lim-
ited polymorphous ventricular tachycardia. Although he never
had any documented episodes of spontaneous sustained ven-
tricular tachycardia, at electrophysiologic study four pro-
grammed extra stimuli reproducibly induced a sustained
monoform ventricular tachycardia at a rate of 180 beats/min
(Fig. 8, lower panel).
Intraoperative mapping. The ident ical tachycardia was
readily induced at operation, and the on-line display of
epicardial activation showed , even in real time without slow
motion replay, a continuous sequence of activation recir-
culating around a region of the left ventricular apex (Fig.
9). Retrospective epicardial maps confirmed the sequence
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of o mtinuous activity consistent with ventricular flutter (Fig.
8. upper panel). Transmural mapping with 16 plunge elec-
trodes after removal of the sock array revealed that sub-
endocardial activation at all the needle locations was sec-
ondary to epicardial activation (Fig. 10). Ventriculotomy
prev cnted induction of the tachycardia so that endocardial
mapping could not be performed . The angiographic ap-
pealance of the aneurysm was a result of dyskinetic ischemic
myocardium.
Surgical procedure and results. A plaque scar 4 x 4
em was found underlying the circle of epicardial activation
and was resected together with a smaller full thickness por-
tion of the left ventricle. The patient received two aorto-
coronary bypass grafts. No ventricular arrhythmias could
be induced at the end of operation or electrophysiologic
study 2 weeks later. The patient was discharged receiving
no antiarrhythmic therapy and there has been no recurrence
of any ventricular arrhythmia symptomatically or on Holter
electrocardiographic monitoring in 6 months of follow-up
study.
Case 4
This patient had a 3 year history of recurrent ventricular
tachycardia at a rate of 185 beats/min that was refractory
to procainamide, quinidine. mexiletine. amiodarone and en-
cain ide administered either alone or in combination. At elec-
trophysiologic study, two programmed extrastimuli readily
induced sustained ventricular tachycardia of two configu-
',1 r .>J I / / / / 1// 1//II / I / 11111/III
•••• , • I •• •
Figure 8. Case 3. Lower panel shows three local epicardial elec-
trograms in transition from programmed pacing (arrows) to sus-
tained ventricular tachycardia. The trace above the top electrogram
shows binary time code. Upper panel shows retrospective epi-
cardial maps in 12 ms isochrones of the two sequential beats of
the tachycardia seen below. Beginning with the isochrone marked
by the asterisk and proceeding counterclockwise as indicated by
the arrow, continuous epicardia l activity was recorded from one
cardiac cycle (extending from 0 to 232 ms) to the next (232 to
464 ms). The activation wheeled around the apex. although all the
apical electrodes recorded local activation. The sequence is con-
sistent with ventricular flutter.
rations, one of which was identical to that of the spontaneous
episodes. Endocardial catheter mapping indicated that both
types of tachycardia originated paraseptally on the high an-
terior portion of the left ventricular septum.
Intraoperative mapping. At operation. a true anterior
left ventricular aneurysm was visualized. The video display
of epicardial activation confirmed the results of catheter
mapping and was, in tum, confirmed by retrospective man-
ually generated maps. The sock was then replaced with
needle electrodes, which were distributed around the region
of the earliest epicardial activation. Unfortunately, pro-
grammed stimulation could only induce a ventricular tachy-
cardia with a configuration not previously observed. This
tachycardia originated in the subendocardium of the left
ventricular wall close to the portion of the septum indicated
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Figure 9. Case 3. On-line video monitor display of two sequential
cardiac beats A and B showing continuous epicardial activation
circulating around the apical region.
by the previous tachycardia as the earliest epicardial break-
through. Opening of the aneurysm prevented further induc-
tion of tachycardia, and endocardial mapping could not be
performed.
Surgical procedure and results. Aneurysmectomy to-
gether with wide endocardial resection extending over the
high anterior portion of the left ventricular septum was per-
formed. No aortocoronary grafting was feasible. At the end
of operation, it was no longer possible to induce any ven-
tricular arrhythmias. However, 2 weeks later electrophys-
iologic study with two premature stimuli did eventually
induce, after prolonged testing, a sustained ventricular
tachycardia of a configuration not previously seen. The pa-
tient was discharged on amiodarone, 600 mg daily, and
there have been no symptomatic or documented ventricular
arrhythmias in a short follow-up period of 3 months.
Discussion
On-line mapping. To provide detailed maps of acti-
vation on a beat by beat basis, it is necessary to record
simultaneously from a large number of electrodes. Several
such recording systems have recently been developed and
the results obtained with these systems in the field of ex-
perimental arrhythmias have been reported (14-17). The
principal advantages they offer over traditional recording
techniques are the capability of mapping single beats or
short-lived arrhythmias, as well as polymorphous arrhyth-
mias in which the activation sequence is constantly chang-
ENDO
200ms
Figure 10. Case 3. Local unipolar
electrograms from I to 16 transmural
needles with electrodes set at 3 mm
intervals. The bottom tracing shows
that local activation from the subepi-
cardium (EPIC) clearly leads all the
other transmural potentials. Subepi-
cardial activation preceded transmural
and subendocardial (ENDO) activa-
tion at all 16 needle sites. See text for
further explanation.
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ing. Thus, events such as ischemia-induced ectopic beats
(15,22) and the mode of onset of ventricular tachycardia
and tibrillation (23,24) have become amenable to study.
Because these methods still require considerable time for
the analysis of recorded data, they are not directly applicable
to chnical intraoperative mapping where time constraints
are a severely limiting factor. A computer-based mapping
system designed for the operative environment has been
described (25), but reported clinical experience with this
system has been limited to one case (18).
The present report describes the successful systematic
clinical application of an on-line mapping system that pro-
vides a beat by beat display of epicardial activation se-
quences. The advantages offered by this approach include
a significant reduction in time spent on cardiopulmonary
bypass and the ability to map short salvos of ventricular
tachycardia (as described for Case 1) that could not be
mapped by traditional techniques. It also offers the oppor-
tunity to map polymorphous tachycardias, although the oc-
casion for this has not arisen in the current experience. In
its present form, because the technique is based on hard-
wired analog circuitry, the on-line display of activation is
restricted to a single projection of the epicardial electrode
array and the only variables are a common gain control for
the electrograms and a common sensitivity control for the
acti vation display. In each of the cases studied, the accuracy
of the automatic on-line display was retrospectively con-
firmed by manual maps derived from analysis of the analog
signals recorded on a separate video recorder. This was best
. illustrated by Patient 2, who had two distinct sites of epi-
cardial breakthrough at electrodes L2 and As. Simultaneous
replay of electrograms from both these sites showed that
activation at As preceded that at L2 by 4 ms. Although Figure
6 shows that both these sites activated simultaneously, 75%
of all the video fields displayed by this tachycardia showed
As preceded L2 by one video field.
The automatic video display showed local activation only
if local electrograms contained a downslope of at least I
VI~. Analysis of the analog signals sometimes showed elec-
trograms with an identifiable local activation despite a down-
slope of less than 1 Vis, and for this reason yielded more
complete detail of local activation than the automatic display.
Value and limitations of epicardial and transmural
mapping. The limitations of epicardial mapping of ven-
tricular arrhythmias are well recognized (25,26). In an at-
tempt to offset this limitation, we supplemented the epi-
cardial information with subendocardial and transmural
recordings from plunge electrodes. These were placed in
what seemed an optimal disposition to include the epicardial
sites of interest. This approach provided valuable data on
events deep to the epicardium, which could only have been
gained by endocardial mapping. The latter procedure is
sometimes precluded by failure to induce ventricular tachy-
cardia after opening the left ventricle (13,26) as was the
case in our four patients. Mapping with plunge electrodes,
therefore, provides some safeguard against this common
eventuality, and as a technique deserves to be routinely
employed. It further provides an opportunity to gain sub-
endocardial activation data in instances where extensive mu-
ral thrombi prevent traditional endocardial mapping (13). It
does not, of course, obviate the need to obtain an endo-
cardial map whenever possible.
Our current use of plunge electrodes requires approxi-
mately 10 minutes of cardiopulmonary bypass time for re-
play and analysis of the local electrograms. This time period
could be significantly reduced by the future development of
automatic on-line display modes of transmural activation.
Our current experience with sixteen 21 gauge needle elec-
trodes has not revealed any significant trauma or hemorrhage
to the left ventricle, even when the site is in the posterior
wall. One problem encountered was the difficulty in col-
lating the recording from the needles with that of the pre-
ceding sock array to produce comprehensive activation maps.
This was, in part, due to time constraints preventing accurate
placement of the needles with reference to the matrix of the
sock electrode array and, in part, to the different configu-
ration of the tachycardia induced after replacement of the
sock by the needles (Case 4). In future studies, this limi-
tation can be overcome by retaining the sock, placing the
needles with reference to the sock array and expanding the
recording capability of the system to its maximal capacity
of 256 channels (20) so that both sets of electrodes can be
simultaneously recorded.
Patterns of activation during ventricular tachy-
cardia. To date, our observations are limited to patients
with predominant left anterior descending coronary artery
disease with the angiographic appearance of an anterior left
ventricular aneurysm. Despite this commonality and the
surface appearance of ventricular tachycardias that were
similar in rate, the individual activation patterns were widely
different. The tachycardia that occurred in Case 1 was mon-
ofocal in appearance on the epicardial map, but may have
been caused by a small transmural circle of reentry as was
suggested by the earliest activation occurring at the adjacent
subendocardium. In contrast, the ventricular tachycardia in-
duced in Case 3 was due to a much larger circle of reentry
occurring predominantly at the epicardium with secondary
activationof the subendocardium. This tachycardia was unique
in displaying continuous epicardial activation from one car-
diac cycle to the next. As such, it might be more accurately
described as a ventricular flutter. Its appearance was very
similar to the experimental atrial flutter caused by a leading
circle of reentry described by Allessie et al. (27). The spon-
taneous polymorphic ventricular arrhythmias that this pa-
tient experienced and the polymorphic type of tachycardia
that presaged the induced monoform tachycardia (Fig. 8)
suggest that some clinical ventricular arrhythmias of this
type may also be due to ventricular flutter in which there is
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a varying leading circle of reentry. Such observations made
possible by the new techniques of clinical mapping hold the
promise of important new insights into the mechanisms un-
derlying human ventricular arrhythmias.
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